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a b s t r a c t
Mechanical behavior analysis of the friction stir weld nugget of an aluminum alloy 2050 reveals a major
role of the microstructure which varies with the distance to the weld surface. Three types of micro-
structure heterogeneities are considered namely grain size, precipitation state and textured bands. The
grain size and the T1 precipitates density decrease with the distance from the weld surface. The density
of T1 precipitates has a ﬁrst order effect on micro-hardness variations and makes the Hall–Petch rule not
valid in this case. Tensile tests combined with strain ﬁeld identiﬁcation done by digital image correlation
measurements demonstrate the good correlation between textured bands and strain ﬁeld hetero-
geneities. Crystal plasticity simulations by ﬁnite element method well account for the macroscopic
mechanical behavior as well as strain ﬁeld in textured bands.
1. Introduction
Friction stir welding (FSW) of aluminum alloys is becoming a
mature and robust process and has extended the use of welding in
particular for 2xxx and 7xxx alloys in aeronautic industry. In ad-
dition, FSW is very efﬁcient where it is necessary to join different
aluminum alloys. Applied for example on lightweight aluminum
lithium alloys [1], this welding technique could signiﬁcantly re-
duce the weight of aerospace structures by limiting the use of
rivets, fasteners and overlapping areas. Exhaustive review on the
principles of FSW and on the properties of welds, as well on po-
tential industrial applications in shipbuilding, offshore, railways,
automotive and so on, was proposed in [2,3]. Friction stir-welded
joints consist of three zones involving speciﬁc microstructures,
namely heat affected zone (HAZ), thermo-mechanically affected
zone (TMAZ) and weld nugget (WN). The weld nugget is the dy-
namically recrystallized region of the TMAZ resulting in a ﬁne
equiaxed microstructure [4]. Key microstructural parameters such
as precipitation state inﬂuencing local hardness within the weld
joints were clearly identiﬁed on AA2199 and AA2024 [5,6]. A big
effort in modeling the in-process temperature evolution, the
microstructure evolution, the strain hardening and some damage
processes devoted to the FSW of 6xxx series aluminum alloys has
resulted in an integrated modeling framework [7]. Different modes
of degradation of the weld joints were studied. The effect of re-
sidual stress as well as the microstructure on the fatigue behavior
was approached in [8,9]. The corrosion behavior was recently
analyzed by accounting for the reactivity of the different domains
of the joint [10,11]. The galvanic coupling level was associated to
the local corrosion potential, the microstructure and the hardness.
The galvanic coupling was also shown to be affected by the het-
erogeneous stress ﬁeld induced by external mechanical loading.
More speciﬁcally on the welding of 2050 aluminum alloys, post-
welding heat treatment signiﬁcantly changes the corrosion beha-
vior of the base metal leading to an inversion in the galvanic
coupling [12]. The intrinsic properties of the weld nugget were less
studied. In this region, metallographic observations reveal com-
monly elliptical periodical features often termed “onion rings”.
These onion-rings were assimilated to bands having either differ-
ent precipitation states [13], modiﬁed average grain size [14], or a
variation of crystallographic texture [15]. On 2050 alloy, galvanic
corrosion was identiﬁed between these bands [16]. The other
important effect of the onion rings wasobserved on 2050 weld
nugget under stress corrosion cracking condition [17]. During slow
strain rate tests (uniaxial loading in the L direction at a strain rate
of 106 s1 in 1.0 M NaCl aerated solution at room temperature),
intergranular stress corrosion cracking occurs along the T direction
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on the L–T surface of the ﬂat tensile specimens. Electron Back
Scattered Diffraction (EBSD) analysis of the surroundings of the
cracks showed that the long cracks initiate and propagate along
the interface of textured bands corresponding to onion rings. The
question of the effect of the local variation of the texture on the
stress/strain ﬁeld heterogeneity was proposed as one of the key
issues to be addressed. Experiments combined with numerical
approaches try to provide a description of stress/strain ﬁeld het-
erogeneity in 2050 weld nugget.
2. Material and methods
The material used in this work is a weld nugget obtained by
friction stir welding of two 15 mm thick sheets of AA2050 T3
(solutionizing, quenching and stretching), submitted to a post-
welding heat treatment at 155 °C during 30 h. Nugget micro-
structure heterogeneities in the depth were analyzed from sam-
ples machined in section perpendicular to the welding direction,
mechanically polished up to 1/4 mμ using OP-S solution and
etched during 2 min in a solution of 40 ml of tetraﬂuoroboric acid
(HBF4) and 760 ml of distilled water with a current density of
0.2 A cm2. Then, the samples were observed using an optic mi-
croscope (Olympus PMG3). The T1 precipitation was quantiﬁed by
the SIMaP laboratory in the European synchrotron radiation fa-
cility (ESRF) in Grenoble by Small Angle X-ray Scattering (SAXS)
measurements [18]. Nugget microstructure in the welding direc-
tion is characterized using tensile specimens machined in the
nugget zone, by series of 6 specimens in the depth (see Fig. 1). All
specimens were mechanically polished up to 1/4 mμ using OP-S
solution. Electron Back Scattered Diffraction (EBSD) maps (EDAX's
high sensitivity EBSD camera) were performed along the gauge
length of the tensile specimens, before testing. The size of the
maps is about 1500 m 400 mμ × μ with a step of 2 mμ .
Mechanical heterogeneities were highlighted by Vickers mi-
crohardness measurements and tensile tests. Vickers microhard-
ness maps Hv0.5 were performed in the section perpendicular to
the welding direction of the weld nugget with a step of 0.5 mm,
using a Duramin A300D Struers microhardness tester. After EBSD
measurements, tensile tests were conducted at a strain rate of
5 10 s5 1ϵ̇ = · − − on a 5kN Deben Microtest tensile stage. The speci-
mens were instrumented with gauges to measure strain between
0 and 2%. For more than 2%, strain was determined using a LVDT
displacement measurements. Local strain ﬁelds were obtained
using Digital Image Correlation (DIC) method and the software
CorreliQ4. Before tensile tests, the specimens were electrolytically
etched in a HBF4 solution, allowing creation of a texture favorable
for DIC measurements. A digital microscope KEYENCE VHX-1000E
was used as an in situ surface observation technique taking one
image every 15 s during the tensile test (for a 7.5 10 4Δϵ = · − ). To
obtain displacement ﬁelds of the deformed image with respect to
a reference image, the region of interest of 1600 px1200 px
1 pixel 1 m( = μ ), containing the EBSD map zone, was partitioned
into sub-images, called zone of interest (ZOI), of 32 m 32 mμ × μ .
The correlation principle is used to compare the ZOI in both
images, allowing the calculation of the mean value of the local
strain on about 10 grains.
3. Modeling
In order to understand the origin of the strain ﬁelds hetero-
geneities, a ﬁnite element model was built using the code ZeBu-
LoN [19]. The details of the geometry and mesh are given in Sec-
tion 4.3. The mechanical behavior of the nugget was described by a
crystal elasto-plasticity model taking into account 12 slip systems
for the FCC crystal, as proposed by Cailletaud et al. [20]. Aniso-
tropic elasticity was used to described the elastic behavior. For the
nugget microstructure, cubic elasticity coefﬁcients of pure alumi-
num were considered (C1111¼108 GPa, C1122¼28.3 GPa,
C1212¼62 GPa). At the grain scale, inelastic deformation mainly
results in slip on the possible slip systems of the crystal. The re-
solved shear stress τs on each slip system s is given by the fol-
lowing equation:
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Fig. 1. Location of the tensile specimen sampling in the L–LT and LT–ST plane of the weld. Tensile specimen dimensions in millimeter (thickness: 1.5 mm).
direction, respectively. Cailletaud et al. [20] proposed a phenom-
enological formulation for the ﬂow rule and the hardening law,
based on thermodynamics of irreversible processes. The plastic
ﬂow rate sγ ̇ on the slip system s is given by the following equation:
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where K and n characterize the material rate sensitivity and s
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resolved shear stress threshold. In this work, only monotonic
loading was considered. Consequently, the evolution of the critical
resolved shear stress could be described by a nonlinear isotropic
hardening law:
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The parameters τ0, Q and b were optimized by ﬁtting the re-
sults obtained from the ﬁnite element calculations and the ex-
perimental tensile test curve. To do that, a part of
800 200 6 m3× × μ of the gauge length was modeled by a rectan-
gular aggregate regularly meshed with cubic elements of
6 6 6 m3× × μ . The crystal orientations were attributed to the
Gauss point according to the EBSD map. The obtained crystal
plasticity model coefﬁcients are the following: K¼50 MPa s1/n,
n¼25, τ0c¼66 MPa, Q¼50.0, b¼40. Self-hardening and latent
hardening due to interactions between slip systems are introduced
by the matrix hrs. In this case, the interaction matrix was simpliﬁed
by using Taylor hardening hypothesis h 1rs( = ).
4. Results
4.1. Microstructural heterogeneities
4.1.1. Microstructural heterogeneities in the LT–ST plane
After mechanical polishing and etching, some characteristics of
the microstructure are revealed and are visible by optic micro-
scopy (Fig. 2a). At the scale of the weld joint, the cross sections of
the “onion rings” have pseudo-elliptic shapes and are arranged
periodically. In the central ST direction of the weld joint, these
onion rings are periodically spaced of about 500 mμ . The analysis
at lower scale shows that the microstructure is composed of
equiaxed grains with sizes decreasing from 17 mμ at the top of the
weld down to 4 mμ at the bottom of the weld (yellow curve in
Fig. 2a). These data are consistent with those reported in the lit-
erature [4,21]. By applying SAXS techniques (Small Angle X-Ray
Scattering) at the ESRF (European Synchrotron Radiation Facility)
on the weld joint of the same material, the density of T1 hardening
precipitates was estimated to decrease from the top to the bottom
of the nugget [18].
4.1.2. Microstructural heterogeneities in the L–LT plane
EBSD on the L–LT plane and in the middle of the weld nugget
(Fig. 3) shows clearly that the onion ring sections correspond to
domains of material having different textures. The periodicity of
the texture bands corresponds to the one observed on the LT–ST
section. Two types of periodical bands are distinguished and are
characterized by an orientation distribution function (ODF) in the
plane ϕ2¼45°. Type A bands contain the orientation 112 110( )[ ¯ ] of
the alpha ﬁber and the orientation 110 110( )[ ¯ ]. Type B bands con-
tain directions 111 110( )[ ¯ ] and 111 011( )[ ¯ ] of the gamma ﬁber. These
results are consistent with the fact that the texture is one of the
major microstructural features of the different bands in the onion
rings structure [15].
4.2. Heterogeneities of mechanical behavior
4.2.1. Mechanical properties along L direction according to the po-
sition in the weld nugget
To analyze the mechanical behavior of the weld nugget, uni-
axial tension tests were done at the strain rate of 5 10 s5 1− − on
specimens machined at different distances from the weld surface
(specimen S1–S6). Each test was reproduced three times in the
same conditions. The gauge length of the tensile specimens is
8 mm and the cross section area is about 4.5 mm2. In the gauge
length, the specimen contains about 30 textured bands and there
are about 45 103· grains in the cross section. The characteristic
mechanical data (Young modulus E (GPa), the yield strength Rp0.2
(MPa), the fracture stress Rm (MPa) and the strain at rupture A (%))
given in Fig. 4 are then considered to be representative of the
macroscopic behavior of the weld nugget in the L direction at the
different sampling levels. No signiﬁcant variation is observed for E,
Rp0.2 and Rm. The average values of E, Rp0.2, Rm are 70 GPa, 310 MPa
and 410 MPa, respectively. Considering the decrease of grain size
Fig. 2. (a) Grain size and (b) T1 precipitates density variations in the weld nugget
[18]. (For interpretation of the references to color in this ﬁgure caption, the reader
is referred to the web version of this paper.)
from 17 mμ to 4 mμ and the Hall–Petch rule saying that Re scales
d 1/2− , Rp0.2 should increase by about a factor 2 from S1 to S6. The
fact that Rp0.2 is constant means that the grain size effect is of the
second order compared to the effect of the T1 density. This as-
sumption is conﬁrmed by the evolution of the hardness. The
Vickers microhardness decreases from 155 Hv to 125 Hv though
the grain size decreases from 17 mμ to 4 mμ . The opposite effect
could be expected by applying the Hall–Petch type scaling to d 1/2−
on Hv. This scaling is usually operant when Re or Rm are propor-
tional to Hv by a factor 2–4. Rm is about 3 times the average mi-
crohardness measured on the specimens S1–S6 but there is not a
decrease of Rm with the microhardness and then no proportion-
ality. The mechanical behavior of the nugget does not follow ex-
pected typical rules. The gradients of T1 density and grain size as
well as the presence of textured bands make the mechanical be-
havior unusual. The specimens after failure are shown in Fig. 5.
Though the fracture mode is ductile in all the cases, the fracture
morphology is different depending on the sampling level in the
nugget. On specimens S1–S3, the fracture occurs along a plane
called P1 making an angle of about 45° with the tensile direction
and the intersection with the L–LT plane is parallel to the LT di-
rection. A change of orientation of the fracture surface occurs
progressively for the specimens S4–S6. Fracture occurs not only
along the plane P1 but also along directions making an angle of
about 45° on the L–LT plane. For the specimen S6, the intersection
between the fracture surface and the L–LT plane is made of seg-
ments at 45° of the tensile direction. The reasons of these changes
in the fracture morphology are not well understood. It can be only
assumed that the T1 distribution and/or density may affect the
shear orientation.
4.2.2. Local strain heterogeneities in the L–LT plane
To quantify textured band-induced heterogeneity level of the
strain ﬁeld, analysis by DIC was done during all tensile tests. An
example of axial strain ﬁeld ϵ11 is shown in Fig. 7 (specimen S4 at
7% deformation). The ﬁrst observation is that the average axial
deformation is always higher in the type A than in type B bands. It
is to be noticed that, because of the plastic deformation of the
Fig. 3. EBSD map in the welding plane for a specimen machined from 7.8 mm below the top surface of the weld nugget and ODF (orientation distribution function) in the
plane ϕ2¼45° for each texture band.
Fig. 4. Mechanical properties as a function of the distance from weld surface.
specimen, the strain ﬁeld heterogeneity measured by DIC does not
correspond exactly to the bands shown on the EBSD map (un-
deformed conﬁguration). The second observation is that the strain
ﬁeld is not homogeneous in each band. This former point is not
commented in detail here since it concerns a scale of the poly-
crystal beyond the purpose of this study. The focus is done on the
average strain ﬁelds in each texture band. The values of the dif-
ferences between the axial average strain in a band and the
macroscopic strain, for each band type, each specimen (except S1
since it does not contain textured bands) and for different levels of
macroscopic strain are given in Table 1. It should be remind here
that the average strain in a textured band is the average value on
all values at each ZOI belonging to the band, each value at a ZOI
being the average value of the strain of a group of 10 grains. From
Table 1, it is remarkable that in all cases, the strain of type A bands
is higher that the macroscopic strain and then higher than the
strain in type B bands. The second remarkable point is that the
gaps A Bϵ − ϵ always decrease with the distance from the weld
surface. In other words, the contrast in the strain ﬁeld is higher
close to the weld surface. This result may be crucial to account for
in the context of possible damage resulting from the coupling
between mechanical stress and corrosion process on the weld
upper surface. The other characteristic point is that the gaps A Bϵ − ϵ
increases with the macroscopic strain in all the cases. It means
that the hardening is higher in band B than in Band A on all the
range of macroscopic strain 1–7%. These results can be associated
with some comments on the crystallographic features of the
bands. From the EBSD analysis, Euler's angles of all the grains are
obtained and the Schmid factor can be computed as cos coss sθ χ( ) ( ),
where θs is the angle between the tensile axis and the primary slip
direction, and χs is the angle between the tensile axis and the
normal of the primary slip plane. The average value of the Schmid
factors of all the grains analyzed is 0.47 in type band A, and 0.45 in
type band B. From the crystal orientation viewpoint and con-
sidering that slip is the deformation mechanism, the grains in type
band A are deformed more than type band B by single slip. This is
consistent with the results on the strain response of each band
described previously. The crystallography data of the different
bands were used to compute numerically the nugget by con-
sidering crystal plasticity model.
4.3. Modeling of texture effect on mechanical ﬁelds heterogeneities
A ﬁnite element model was built to quantify the effect of the
onion rings on the local strain heterogeneities. A part of the gauge
length 2000 750 250 m( × × μ ) was modeled by a rectangular ag-
gregate regularly meshed, where each element represented a
grain. The element size of 50 mμ was chosen for numerical rea-
sons. Two distinct domains, oriented to 45° in the depth, represent
the two texture bands (A and B). For each texture band, a random
selection of Euler's angles was chosen from the EBSD map and
attributed to the Gauss points. The EBSD map constituted of 6000
grains was made on a S4 sample (see Fig. 6a). Boundary conditions
are periodic displacements with an imposed stress of 430 MPa in
Fig. 5. Optic images of specimens after tensile test up to failure.
Table 1
Average values of local strain ϵ11 (%) in the tensile direction, for both types of band for the specimens S2–S6 at different levels of macroscopic strain.
ϵmacro (%) ϵBand S2 S3 S4 S5 S6
1 ϵAϵmacro 0.22 0.17 0.01 0.02 0.01
ϵBϵmacro 0.04 0.02 0 0.01 0.01
ϵAϵB 0.26 0.19 0.01 0.03 0.02
3 ϵAϵmacro 0.68 0.59 0.27 0.33 0.43
ϵBϵmacro 0.25 0.16 0.25 0.21 0.42
ϵAϵB 0.93 0.75 0.52 0.54 0.85
5 ϵAϵmacro 1.13 1.05 0.55 0.65 0.83
ϵBϵmacro 1.41 1.33 0.34 0.38 0.46
ϵAϵB 2.54 2.38 0.89 1.03 1.29
7 ϵAϵmacro 1.21 1.13 0.68 0.75 0.85
ϵBϵmacro 1.69 1.58 0.42 0.55 0.62
ϵAϵB 2.9 2.71 1.1 1.3 1.47
the 1 direction (Fig. 6).
Fig. 6 shows the axial strain map (ϵ11) obtained by FEM com-
putations. The domains corresponding to A bands are more
strained than others, as expected by the Schmid factors calcula-
tions (see Section 4.1.2). A good agreement is observed between
the strain heterogeneities highlighted by ﬁnite element calculation
and by DIC measurements, and the texture bands (see Fig. 7). In
each band heterogeneity of strain ﬁeld is observed and computed.
For the ﬁnite element model, each element represents one grain,
and the results show the strain heterogeneities due to the varia-
tion of crystallographic orientations between different grains of a
same texture band. While for DIC, the measured local strain
corresponds to a mean value on about 10 grains (corresponding to
the zone of interest size).
Fig. 8 shows the tensile tests curves obtained by DIC method
(Fig. 8a), and by ﬁnite element method (Fig. 8b). On each graph,
three curves are plotted:
 The red curve, called total11ϵ , represents the average stress as a
function of the average strain on the whole aggregate.
 The green curve, called A11ϵ , represents the average stress as a
function of the average strain on the A bands.
 The blue curve, called B11ϵ , represents the average stress as a
function of the average strain on the B bands.
The ends of the tensile curves were drawn in Fig. 8c. DIC curves
in dashed line and FEM ones in plain line are almost super-
imposed. As texture bands cross the entire width of the sample,
the specimen can be assumed as a Reuss problem, where the
sample and both texture bands are submitted to the same stress.
We can note that, for DIC curves and FEM curves the inequality
A total B
11 11 11ϵ ≥ ϵ ≥ ϵ is clearly established whatever the macroscopic
stress. For a macroscopic stress value of 430 MPa, the absolute
variation between A11ϵ and total11ϵ is about 1% and the absolute var-
iation between total11ϵ and B11ϵ is about 0.5%. Then, for the S4 level, the
good correlation between EBSD map, DIC measurements and FEM
results show that taking into account the crystallographic texture
is sufﬁcient to represent the mechanical behavior of the weld
nugget. In the middle of the plate (from 7.8 mm below the top
surface of the weld nugget), crystallographic orientations variation
is mainly responsible for strain heterogeneities.
5. Concluding remarks
The mechanical behavior of the 2050 FSW weld nugget was
characterized in the weld direction and at different distances to
the weld surface. The periodic variation of crystallographic fea-
tures on LT–ST surfaces of the tensile specimens forms bands of
two types. These bands correspond to the sections of the FSW
induced “onions rings” and lead to some uncommon strain re-
sponse of the material. It was experimentally shown by in situ
optic microscopy during tensile tests and digital image correlation
that the type A bands undergo more deformation than the type B
bands. Some general trends were quantitatively observed on the
gap in the strain response between these two types of bands, and
Fig. 7. Texture effect on local strain heterogeneities: results from DIC measure-
ments and FEM computations after 7% global plastic strain.
Fig. 6. (a) EBSD map of the gauge length, (b) mesh and domains used for fem computations, (c) axial strain map.
on the change of this gap with the distance to the upper surface of
the weld. Crystal plasticity computations on a volume of material
containing few textured bands simulate well the heterogeneity of
the strain ﬁeld. The mechanical behavior of each textured band
was calculated. The strain gradient at the interface between the
different types of bands is obviously produced probably some
deleterious mechanical conditions favorable for example to the
initiation and propagation of stress corrosion cracking [17]. The
proposed mechanical analysis of the nugget of the weld is then
very useful for estimating possible damage initiation and
propagation and more generally for assessing the durability of the
welds by friction stir welding.
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Fig. 8. Tensile tests curves obtained by (a) DIC method, and by (b) ﬁnite element
method. Red, green and blue curves represent the average stress as a function of
the average strain on the whole aggregate, on the A bands, and on the B bands,
respectively. (For interpretation of the references to color in this ﬁgure caption, the
reader is referred to the web version of this paper.)
